Abstract-This paper presents the design and implementation of an electronic front-end intended for spatial detection of ion beams at counting rates higher than 10 6 particles per second. The readout system is made up of three main multi-channel building blocks, namely: a transimpedance preamplifier, a signalconditioning line receiver and a charge-to-digital converter, which are properly combined with some off-the-shelf components. Several experiments have been carried out, considering α particles sources and particles beams, featuring an adaptive shaping time frame of 170-to-230 ns with a peak signal-to-noise ratio of up to 25.2dB. These performance metrics are competitive with the state of the art, showing the suitability of the proposed data acquisition system for accurate and fast particle tracking detection 1 .
I. INTRODUCTION
Next generations of particle accelerators will be able to produce low-energy Radioactive Ion Beams (RIB), with less than 10 MeV per nucleon (MeV/u) [1] , at counting rates higher than 10 6 particles per second (pps). In order to collect these data, a precise and fast electronic readout system is required for both spatial and time detection of the particles involved in the reactions, thus taking advantage of the huge amount of statistical information generated [2] .
Although a number of electronic readout systems have been developed in the past for nuclear detectors, very little has been done for the spatial detection in tracking of particles produced by low-energy RIB with high counting rates. Indeed, the most common approach to implement the front-end electronic detection system is based on using a charge-sensitive preamplifier in order to amplify the input charge coming from the detector. The preamplifier output is shaped and then digitized using a peak-sensing Analog-to-Digital Converter (ADC) [3] . However, this approach is more appropriate for energy measurements instead of the duration of an event. The latter is related with the time interval in which the charge is detected. This piece of information is destroyed by the charge sensitive amplifier, thus making the detection of two consecutive particles more difficult as either the counting rate or the input charge from the detector are increased [4] . 1 This work was partially supported by the Spanish Ministry of Economy and Competitiveness (with support from the European Regional Development Fund) under contracts CSD2007-00042, FPA2009 08848 and TEC2010-14825/MIC, and by "Consejería de Economía, Innovación, Ciencia y Empleo de la Junta de Andalucía", under contracts P07-FQM-02894, P12-TIC-1481.
In this scenario, this paper presents the design, implementation and experimental results of a complete readout electronic system capable of detecting particles at counting rates higher than 10 6 pps with a Signal-to-Noise Ratio (SNR) larger than 23.2dB. The system is intended to cope with the specifications of spatial measurement in low-pressure gaseous Mini-Secondary electrons Detectors (Mini-SeD) [2] , [5] , [6] , although the presented techniques, design methodologies and circuit strategies can be applied to other detectors with similar physical characteristics.
II. READOUT SPECIFICATIONS AND ARCHITECTURE
The structure and working principle of a SeD is detailed in [5] , [6] . Essentially, the complete detection device is made up of three main parts, namely: an emissive foil, an electrostatic guiding and focalizing system, and a detector prototype (Mini-SeD) [2] . The Mini-SeD can be modeled as a current source for the behavioral high-level simulation of the readout electronic system to be designed. The most important electrical parameters that characterize the current signal provided by the detector cathodes are the following: the peak current signals at each of its 64 cathodes, I C ; the rise/fall time, t r,f , and the average time of an event, i.e. the arrival time of a particle, which is the inverse of the particles production rate -1µs in the case of 10 6 pps counting rate. In order to obtain the most realistic values for I C and t r,f , the Mini-SeD was simulated using GEANT4 -a CAD tool for the modelling and simulation of particle detectors [7] . The data obtained from simulation results were completed and fine-tuned with some experimental data provided by different measurements taken on the Mini-SeD when tested together with an older electronic readout equipment at CEA-Saclay laboratories [8] , [9] . According to these experimental tests and the simulations carried out using GEANT4, it was concluded that the Mini-SeD can be modelled as a current pulse source with the following parameters: pulse amplitude, I C = 23µA, and rise/fall time, t r,f = 10ns. These parameters constitute the system-level specifications for the electronic readout system. Fig. 1 shows the architecture of the proposed readout electronic detection system, which is intended to cope with the system-level specifications of the input current signal provided by the Mini-SeD cathodes. To this end, the Mini-SeD -placed inside a vacuum chamber -is connected to eight 4-channel transimpedance preamplifiers, which are driven by four 8-channel signal-conditioning line receivers that accommodate the signal ranges to be discriminated and digitized by two 16-channel V792N QDC modules from CAEN. The resulting digital data is finally processed by a MVME5500 single-board processor from Motorola, and statistically analyzed by using Multi Instance Data Acquisition System (MIDAS). Thus, the presented system is able to extract the information related to the spatial coordinates (X, Y ) in the trajectory followed by the particles, detected in a 16x16 grid formed by the two cathodes. In order to detect valid events, the QDC is triggered only when a real particle is detected. To this purpose, two different trigger systems -denoted as Trigger System 1 and 2 in Fig. 1 -are included in the proposed readout electronics. The Trigger System 1 makes use of the signal provided by a silicon detector while the Trigger System 2 is controlled by the digital output signal generated by the line receiver as detailed below. In both cases, a 200-ns pulse-width signal waveform is generated by the trigger system generator as the time window of the QDC for integrating the detected signal.
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All off-the-shelf components used in the presented readout system have been properly selected to cope with the required specifications of the Mini-SeD. However, due to the very demanding specifications required for the preamplifier and the line receiver, an specific design is carried out for these subsystems as described in the next section.
III. ELECTRICAL DESIGN
The 4-channel preamplifier used in the readout system has been designed to process signals coming from the Mini-SeD cathodes, tracking high counting rates of RIB with around 1µs of average arrival time between two consecutive particles. Fig. 2 shows the schematic of one of the four (identical) channels of the proposed preamplifier. The circuit is composed of a TransImpedance Amplifier (TIA) subcircuit, a shaper filter, an ac-coupled inverting amplifier and a line driver. An ElectroStatic Discharge (ESD) diode-based protection circuit is placed at the input node to avoid damages caused by high voltage sparks and other experimental interference signals.
The TIA was implemented using the AD8015 IC from Analog Devices. Using a transimpedance of 10kΩ, this circuit transforms the current signals coming from detector cathodes into voltage signals with a transimpedance gain of 80 dBΩ within a 240-MHz bandwidth, keeping the same value of the input t r,f and minimizing the probability of overlapping signals. In this configuration, this building block has an input referred noise spectral density of 3pA/ √ Hz. The effects of parasitic capacitance on both signal bandwidth and noise figure have been taken into account in the simulations. Thus, considering a 30-pF input parasitic capacitance due to the cable, the signal bandwidth is 32.7 MHz and the total noise power at the TIA output is 3.35 mVrms.
The shaper filter is implemented by a biquad configuration made up of a RC High-Pass (HP) filter, a buffer and a secondorder Low-Pass (LP) filter. The cut-off frequency of the RC HP filter was set to 50-kHz in order to reduce the TIA output offset error and flicker noise. Both the buffer and the biquad filter were implemented using LMH6733 operational amplifiers configured with 0-dB gain, yielding a shaping time below 200ns -in agreement with the required counting rate.
The gain of the preamplifier is provided by an ac-coupled inverting amplifier based on the LMH6733MQ operational amplifier. This inverting configuration was designed and tested to have a variable gain from 0dB to 18dB. Finally, a differential line driver -implemented by using an AD8132 opamp -was used to properly transmit the required high-speed differential signals over 50Ω coaxial cables connecting the preamplifier and the line receiver, thus minimizing the line reflections as well as the common-mode and ground noise.
The preamplifier system was simulated by using NI Multisim™. A 30-pF input parasitic capacitance and a current source with the same characteristics as Mini-SeD output current waveform signals, i.e., t r,f = 10ns, 23-µA current peak and 1-µs period, were considered. Table I sums up the simulated performance of the preamplifier for a 20-MHz LP cut-off frequency and two different cases of the inverting gain. Fig. 3 shows the conceptual schematic of one of the channels of the line receiver used in Fig. 1 . It is made up of three main building blocks, namely: a programmable-gain differential amplifier, a comparator and a LC passive filter. The frontend differential amplifier, implemented with an AD830JRZ IC part, transforms the fully-differential input signal into a singleended signal, and adapts the signal range to the QDC with a programmable gain, which can be reconfigured from 1 to 8 by properly selecting the feedback resistor to be 1Ω, 100Ω, 300Ω and 700Ω. The output of the line-receiver differential amplifier is used as an input to the comparator in order to generate a trigger signal that activates the QDC (see Fig. 1 ) only when a valid event (particle) is detected. The logic levels are set according to the Emitter-Coupled-Logic (ECL) input range and noise margins of the ECL-NIM converter, thus being within [−0.84, −1.17]V for a logic one and [−1.48, −1.95]V for a logic zero, which are converted to the NIM logic digital input (Gate) of the QDC.
The last block in Fig. 3 is a LC passive filter, which is used to synchronise both the digital input signal of the QDC (Gate) with the analog output of the AD830JRZ amplifier, so that the latter signal can be properly processed by the QDC within the time interval in which it is activated when a valid event is detected -200ns in our case. To this purpose, the filter order can be configured to achieve the required delay between both signals. This way, the gate signal delay can be tuned by the GG8020 block in order to synchronise that signal with the analog output of the line receiver (analog input of the QDC). Table II sums up the simulated performance of the line receiver, showing its main features for different gains.
IV. EXPERIMENTAL RESULTS
The proposed readout system has been designed to work outside the vacuum chamber in which the Mini-SeD is placed. The connection between the detector and the electronic frontend is shown in Fig. 4 , illustrating the implementation of the 4-channel preamplifier and the 8-channel line receiver. Fig. 4 . Implementation of the readout system and measurement set-up. 
A. Experiment with a Pulse Generator
The first experiment was based on a pulse generator input, with a peak amplitude of 0.45-V, 20-ns rise-time and 10-ms period, in order to induce the same quantity of charge in the Mini-SeD cathodes, thus emulating a particle detection event. Thus, after being preamplified, fully-differential signals with ±200-mV peak voltage and 150-ns shaping time are obtained. Fig. 5 illustrates the analog output waveforms obtained for different values of the differential-to-single-ended gain programmed from 1 to 8. It can be shown how the output signal of the proposed line receiver has a reconfigurable gain, t r,f and shaping time of 1.2-to-2.4, 70-to-228ns and 180-to-330ns, respectively. These waveform characteristics are in good agreement with the required counting-rate (10 6 pps) performance and are very suited to be digitized by the QDC.
B. Experiment with a Source of α Particles
The second experiment was carried out using a triple source of Plutonium ( 239 Pu), Americium ( 241 Am) and Curium ( 244 Cm), which emit α particles with an average energy of 1.29MeV/u, 1.37MeV/u and 1.48MeV/u, respectively. As illustrated in the instrumentation set-up shown in Fig. 4 , the secondary electrons generated by the α particles in the emissive foil, are guided to the active volume of the detector, where they ionize the gas inside, generating electron-ion pairs. The produced electrons generate new ionizations, in the gas, which means more charge that is measured by the anode and cathodes and transmitted to the readout system. Fig. 6 shows the signal waveforms of the most important nodes of the readout system, corresponding to different gains of the line receiver, illustrating how the proposed readout system is able to process valid events obtained from real sources. Noise-level measurements are shown in the figure, demonstrating that a maximum peak SNR of 25.2 dB with shaping times of 170-230ns can be achieved.
C. Experiment with a 58 Ni Particle Beam
The third experiment was carried out with a Nickel ( 58 Ni) beam, whose accelerated particles pass through an emissive foil, and as a result of the interactions, secondary electrons are generated and detected by the Mini-SeD. In this case, a single channel silicon Surface Barrier Detector (SBD) is used to measure the particles of the beam after crossing the emissive foil. This event is also used by the trigger system to activate the QDC only when a real particle is detected. Fig. 7 shows the main output waveforms obtained by the readout system, demonstrating a correct performance to process two consecutive events, with a time delay between them of approximately 400ns, which means a detection rate over 2.5·10 6 pps. Finally, Table III shows the measured performance summary of the readout system, for all the experimental conditions considered. The values of the shaping times and peak SNRs achieved show the suitability of the presented readout system to detect particles at rates over 10 6 pps. V. CONCLUSIONS A complete readout electronic system for precise spatial detection in tracking of low-energy ion beams at a rate of 10 6 pps has been presented. Instead of using a charge-sensitive preamplifier, the proposed system uses a multi-channel TIA circuit, which has demonstrated to be more efficient to detect consecutive events with a delay below 400ns and it is complemented by a line receiver to adapt the detected signals before being digitized by a QDC. Diverse experimental measurements validate the presented approach, demonstrating to be a very promising strategy for the implementation of readout electronics in the next generation of particle accelerators.
